Microwaves are non-ionizing electromagnetic waves with frequencies between 0.3 and 300 GHz. Both humans and microorganisms living on the human body are exposed to significant doses of microwave radiation in everyday life. Whether and how microwave radiation could influence the viability and growth of microorganisms is the subject of this educational paper.
INTRODUCTION
Interactions between various types of electromagnetic radiation and living organisms have attracted the attention of scientists since the introduction of technical devices that operate using electromagnetic waves. In the last decade, the human population has been increasingly exposed to radiation from microwave-operating devices, such as radars, diathermy devices, and cellular or cordless phones; in the first quarter of 2012 the number of mobile phone users in China increased to 1 billion [1] . Together with humans, thousands of bacterial species and yeasts living on or in the human body are exposed to significant doses of microwave radiation. Whether and how microwave radiation could influence the viability (ability of microorganisms to survive in hostile environment), pathogenicity (ability of microorganisms to cause a disease) and growth of microorganisms is the subject of this review.
MICROWAVES
Microwaves are non-ionizing electromagnetic waves with frequencies between 0.3 and 300 GHz (i.e., with wavelengths from 1 meter to 1 millimetre, respectively) [2] . The most important sources of microwave radiation that humans may encounter are various industrial microwave (10.5 and 24 GHz) . The energy of microwaves is relatively low: one quantum has approximately 10 -5 electron volts (eV), which is considerably lower than the quantum energy needed for the ejection of an electron from a molecule or the breaking of an intra-molecular bond (> 10 eV) [3] ; therefore, microwave radiation is considered non-ionizing radiation.
MECHANISM OF MICROWAVES ACTION ON LIVING ORGANISMS
When irradiating living organisms, microwaves produce two types of effects: thermal and non-thermal. Thermal effects are the consequence of absorption of microwave energy by cell molecules, causing them vibrate much faster and producing general heating of the cell [3] . The extent of microwave absorption within a cell depends on its dielectric constant and electrical conductivity [3] . The concept of non-thermal effects of microwaves came from experiments in which bacterial cultures were to a large extent destroyed by microwave-induced heating than by other heating methods producing the same working temperature and from studies showing an increase in the growth of bacteria induced by microwaves [4] . The mechanism of the non-thermal action of microwaves is still not completely understood. However, it seems that changes in the secondary and/or tertiary structure of functional proteins ensue as a consequence of rotation and lining-up of the molecules with a rapidly alternating electric field (more than a billion times per second) [4] .
SYMBIOSIS BETWEEN MICROORGANISMS AND HUMAN HOSTS
Billions of bacterial cells and yeasts live on the human skin and mucosal surfaces, engaging in a symbiotic relationship with the host. Recently, it was estimated that 500 to 1,000 species of bacteria live in the human gut. Symbiotic bacteria are useful to humans in a variety of ways: they promote digestion of food and absorption of nutrients, they synthesise vitamins (vitamin K and biotin), they prevent the colonization of pathogenic bacteria, and they improve functioning of the immune system [5] . Symbiotic bacteria on human skin even stimulate the production of antimicrobial peptides by the cells of the skin epithelium, aiding the skin's defense against pathogenic bacteria [6] . However, the disruption of this symbiosis by external factors, which either massively destroy commensals (e.g., by antiseptics or antibiotics) or excessively increase their growth (e.g., blind intestinal loop syndrome or excretion of dextrose in urine), may have adverse consequences on human health and decrease defence against pathogenic microbes [7] . In this way, many serious bacterial infections may ensue, like gastroenteritis, pneumonia, urinary tract infections, skin infections, etc. Considering the overwhelming presence of microwave radiation in the human environment, interactions between microwaves and microorganisms have great potential to significantly influence human health.
EFFECTS OF MICROWAVE RADIATION ON MICROORGANISMS

Overall effects on growth
How microwaves will affect the growth of microorganisms depends primarily on the frequency of the radiation and the total energy absorbed by the microorganisms (absorbed dose). When microwaves are applied at certain frequencies, with high energy and for a sufficiently long period of time, their thermal effect is most likely dominant and kills bacterial cells or yeasts. Numerous experiments with microwave irradiation of various cultures of bacteria and yeasts in a wet environment such as a water suspension did not show additional killing of the microbes by microwaves compared to that caused by conventional heating to the same temperature [8, 9, 10] . However, in a dry environment, the killing effect of microwave radiation was significantly decreased and happened only after a prolonged period of irradiation, most likely due to a lower transformation of microwave energy to heat. Some of the studies even showed that the extent of killing of microorganisms (bacteria and bacteriophages [viruses that attack bacteria]) was correlated Hospital Pharmacology. 2014; 1(2):102-108 with the moisture content of the experimental specimens.
In contrast, when microorganisms were irradiated with microwaves at temperatures lower than the thermal destruction level; various effects were observed, from killing to enhanced growth. A specific killing effect of microwaves on Escherichia coli, different from the effect of hyperthermia, was observed in several studies [11] .
Thermal effects on growth
Because it was observed that the heating of microorganisms to a certain temperature by microwaves could kill them, many studies were performed attempting to establish the minimal dose of microwave energy that could be used for disinfection or sterilization purposes. In a study on toothbrushes contaminated with Streptococcus mutans, a type of bacteria that can cause dental caries, radiation from a microwave oven at "high power" for five minutes completely decontaminated the toothbrushes; it was more effective than the antiseptic cetylpyridinium chloride or UV-radiation [12] . Another study showed that microwaves could be effectively used for reducing the number of bacteria on previously worn dentures [13] . Microwaves with frequencies of 18 GHz, used on bacteria that contaminated bovine pericardium prepared for the construction of artificial heart valves, showed a strong inactivating effect. Cultures of Staphylococcus aureus and Escherichia coli were completely inactivated after three consecutive exposures to radiation with such characteristics [14] . When cultures of Escherichia coli and spores of Bacillus cereus were exposed to the maximum microwave power in a home microwave oven, they were completely destroyed after two and four minutes, respectively [15] .
The thermal killing effect of microwaves is non-selective, and various species of microorganisms will also be destroyed if a sufficient dose is used (Table 1) . When cultures of Pseudomonas aeruginosa, Staphylococcus aureus, Candida albicans, and Bacillus subtilis contaminating dental resin were irradiated with microwaves in a wet environment at 650 W for 1, 2, 3, 4 or 5 minutes, the killing effect was observed after an exposure of two minutes or longer. Candida albicans was more susceptible to microwave radiation than bacterial cultures [16] . Similar effects were obtained for microwaves irradiating the same species of bacteria inoculated on dentures in a wet environment at 650 W for 6 minutes. S. aureus and C. albicans inoculums were completely destroyed, while the number of P. aeruginosa and B. subtilis cells was greatly reduced [17] . Being non-selective, the killing effect of microwaves is synergistic with the effects of other non-selective killing agents, such as disinfectants. In a study of the interaction between microwaves and the disinfectant hydrogen peroxide (0.08%), the synergistic killing effect was achieved on Escherichia coli and Pseudomonas aeruginosa cultures after exposure for 10 minutes and a maximum obtained temperature of 60°C [11] . Some environmental conditions may diminish the deleterious thermal effect of microwaves on microbes, including an increase in the concentration of sodium chloride within the extracellular medium. When cultures of Staphylococcus aureus, Salmonella enteritidis, Escherichia coli and Bacillus cereus inoculated in a mashed potato preparation were exposed to microwave (2450 MHz) heating for 1 min at 800 W, the percentage of killed cells was inversely proportional to the concentration of sodium chloride in the medium [18] .
Non-thermal effects on growth
2An interesting finding was made in the study of Grundler et al. [22] : at frequencies of 41, 640-41, and 835 MHz, microwaves showed a resonant-like effect on the growth of some yeasts, including Saccharomyces cerevisiae, which was not dependent on the amount of absorbed energy from the microwaves. The growth was interchangeably enhanced or decreased at steps of 10 MHz within the frequency range studied. The mechanism of this effect could not be explained by the authors.
Possible mechanisms of non-thermal effects of microwaves on microbial cultures
Understanding the mechanism of non-thermal action of microwaves on microorganisms is very important for the possible future use of microwave technology or for avoidance of its deleterious effects on humans, who live in symbiosis with microbes. Not much is known Janković SM et al: The Effects of Microwave Radiation on Microbial Culture about the mechanisms because previous studies have been limited in number and scope [23] . In a study in which Escherichia coli cultures were exposed to microwaves (18 GHz, absorbed power 1500 kW/m 2 , electric field 300 V/m) at temperatures below 40°C (to avoid the thermal effects of microwaves), transient morphological changes (dehydrated appearance) and openings of pores in the cell membrane (approximately 20 nm in diameter, enabling passage of dextran molecules) were observed [24] . It seems that this effect is electro kinetic in nature (caused by increased movements of anions and cations), causing localized structural disarrangements of the cell membrane, which results in the emergence of pores. Large membrane pores cause leakage of vital intracellular molecules out of the bacterial cells, which may lead to their death. The effect was reversible because more than 87% of exposed cells remained viable. Similar effects of microwaves on cell membranes were observed in another study [25] in which Bacillus licheniformis spores were irradiated with microwaves (2450 MHz, 2 minutes, 2 kW), which caused spore cortex hydrolysis (brake of molecular bonds by insertion of water), swelling and finally rupture, as well as rupture of the inner membrane. This effect could be attributed to the non-thermal action of microwaves because the same temperature (as produced by the microwaves) did not cause such changes in the spore coat and inner membrane. When microwave radiation of the same characteristics was applied to Bacillus subtilis vegetative forms [26] , cell walls were disrupted, and the aggregation of cytoplasmic (intracellular) proteins was detected on transmission electron microscopy. Both the aggregation of cytoplasmic proteins and swelling of the cell wall were observed in Escherichia coli and Bacillus subtilis after microwave irradiation (2450 MHz and 600 W at 40, 60 and 80 degrees of Celsius); these effects could not be attributed to thermal damage because the same temperatures from other heat sources did not produce similar changes [27] . The disintegrating effect of microwave irradiation is time-dependent, where the intensity of the cell wall damage is proportional to the total absorbed microwave energy. Increases in irradiation time from 0 to 9 minutes resulted in a gradual increase in the extracellular soluble chemical oxygen demand, from 0.14 to 2.38 g/L (i.e., 72-fold).
Apart from their effects on cell membranes, microwaves cause non-thermal acceleration of enzymatic reactions in microbial cells, such as non-aqueous esterification (formation of ester-type of chemical compounds without participation of water), and this effect is substrate concentration-dependent [28] . Moreover, microwaves can accelerate synthesis of glycopeptides in vitro (out of the living cells), which may occur in microbial cells, changing their functions [29] . It was shown in human cells that microwaves could decrease the expression and activity of certain functional proteins that cause apoptosis. When SH-SY5Y cells, obtained by retinoic acid-induced differentiation of human neuroblastoma cells, were exposed for 2 h and 4 h to microwaves at a 1800 MHz frequency, markers of apoptosis (heat-shock proteins 20, 27 and 70, caspase-3) were not increased. Instead, the expression of Hsp 20 was decreased, potentially prolonging survival of the tested cells [30] . Such effect led to prolonged survival and increased growth of neuroblastoma cells, originating from an extremely malignant cancer. Similar stimulatory effects of microwaves on growth of Escherichia coli cultures were noted, but the exact molecular mechanism of the effect was not discovered. The irradiation of suspensions of Escherichia coli by microwaves at a frequency of 99 GHz for 19 hours caused a slight increase in proliferation of the bacteria compared with control suspensions. The mechanism of this effect was not clear because the irradiation did not influence approximately 90 different biochemical reactions within the Escherichia coli cell that were tested in the same study [31, 32] .
CONCLUSIONS
Many studies show that microwave radiation can have significant effects on the growth of microbial cultures, which can vary from killing of microorganisms to enhancement of their growth. The nature and extent of the effects depend on the microwave frequency and the total energy absorbed by the microorganisms. It seems that low energy, low frequency microwaves enhance the growth of microorganisms, while high energy, high frequency microwaves destroy the microorganisms. However, neither the effects of a wide spectrum of frequencies nor the effects of a wide range of absorbed energies were investigated. Considering the potentially deleterious influence of microwaves on the symbiotic balance between microorganisms and the human host, there is a high demand for further research on the effects of the complete frequency and energy spectra of microwave radiation on the growth of microorganisms.
